An in situ environmental transmission electron microscopy study of the nucleation and growth of oxide islands during the early-stage oxidation of ͑001͒ Cu 1−x Au x alloys ͑x ഛ 38 at. % ͒ was undertaken in order to investigate the effects of alloying on oxide island nucleation behavior and growth kinetics. The kinetic data reveal that Au enhances the nucleation density of oxide islands and suppresses their growth rate. Our results provide insight into reasons for the decreased passivation properties of Cu when alloyed with Au.
I. INTRODUCTION
Alloying commonly leads to materials whose properties are substantially changed with respect to pure metals. One common application of alloying is in the development of materials with enhanced oxidation resistance, which results from the formation of a continuous oxide layer covering the metal surface. After fast early-stage oxidation limited only by the supply of oxygen to the surface, further reaction is then controlled by much slower diffusion of metal and/or oxygen through this continuous layer. Much progress has been made in understanding later-stage oxidation, as formulated by Wagner 1 and modified Wagner-type theories that account for short-circuit diffusion paths within the oxide layer. [2] [3] [4] The passivation behavior of metals is strongly influenced by the microstructures of the oxides that form. For example, a high density of short-circuit diffusion paths within the oxide layer often leads to poor oxidation resistance. The morphology of the oxide film can be strongly influenced by the oxide nucleation and early-stage growth behavior. However, detailed information from early-stage oxidation studies is still very limited, especially in the case of alloys. This is due primarily to the lack of tools capable of probing atomic level and mesoscale behavior in situ during the early stages of oxidation.
In situ ultrahigh vacuum ͑UHV͒ transmission electron microscopy ͑TEM͒ is an ideal tool to investigate early stages of metal oxidation. The advantages of in situ UHV TEM experiments include visualization of oxidation processes in real time and information on buried interfaces. Furthermore, this technique is capable of providing dynamic information from nucleation to initial growth and coalescence of oxide islands at nanometer scale under controlled surface conditions, which is inaccessible to both surface science methods and traditional bulk oxidation studies, but is essential for a fundamental understanding of atomistic oxidation kinetics.
The early-stage oxidation of pure copper has been extensively investigated using in situ UHV TEM to gain insights into the atomistic mechanisms of metal oxidation. These studies have revealed that oxidation typically involves nucleation, growth, and coalescence of oxide islands and that oxide island growth is limited by surface diffusion of oxygen. [5] [6] [7] [8] These observations represent a departure from classical theories which assume uniform, layer-by-layer growth of a coalesced film beginning with the first monolayer. 1, 9 Alloy oxidation is generally much more complex compared to the oxidation of pure metals. The possible effects of alloying elements on the oxidation behavior include different oxygen affinities of the alloying elements, formation of multiple oxide phases and solid solubility between them, various mobilities of metal ions in the oxide phase, and different diffusivities of metals in the alloy. Due to these complexities, alloy oxidation is still not well understood, especially the early stages of alloy oxidation. Choosing Cu-Au as a model system, we perform an in situ TEM study of the early-stage oxidation kinetics of alloys containing a noble metal and an oxidizable metal, and we seek the effects of alloying on nucleation, growth, and morphology of oxide islands. This system is considered since it allows some of the features of alloy oxidation to be examined without the complication of the simultaneous formation of two oxides. Also, at temperatures Ͼ410°C, where oxidation behavior is of most interest, Cu and Au are fully miscible.
II. EXPERIMENTAL DETAILS
Our in situ oxidation experiments were carried out in a modified JEOL 200CX TEM. 10 This microscope is equipped with a UHV chamber with a base pressure ϳ10 −8 Torr. The microscope was operated at 100 keV to minimize the possibility of irradiation induced effects. A controlled leak valve attached to the column of the microscope permits introduction of gases directly into the microscope. Single crystal ϳ1000 Å ͑001͒Cu-Au alloy thin films with different Au a͒ Author to whom correspondence should be addressed; electronic mail: jeastman@anl.gov mole fraction were grown on irradiated ͑100͒NaCl by sputter deposition. The film composition and thickness were calibrated by Rutherford backscattering ͑RBS͒. The alloy films were removed from the NaCl substrate by flotation in deionized water, washed and mounted on a specially designed TEM sample holder, which allows for resistive heating at temperatures between room temperature and 1000°C. The native Cu oxide is removed by annealing the alloy films in the TEM under vacuum conditions at ϳ750°C ͑Ref. 11͒ or by in situ annealing in methanol vapor at a pressure of 5 ϫ 10 −5 Torr but at a lower temperature ͑ϳ350°C͒, 12 resulting in a clean metal surface. Oxygen gas of 99.999% purity can be admitted into the column of the microscope through the leak valve at a partial pressure ͑pO 2 ͒ between 5 ϫ 10 −5 and 760 Torr. Real time observations can be made at pressures ഛ8 ϫ 10 −4 Torr.
III. RESULTS

A. Effect of composition on the nucleation of oxide islands
Our in situ TEM observations indicate that an incubation time is needed before the appearance of visible oxide nuclei on the metal surface after admitting oxygen into the microscope. The incubation time depends on oxidation temperature and alloy composition ͑Fig. 1͒. A longer incubation time is needed to nucleate oxide islands for the alloys with larger Au mole fractions. Increasing oxidation temperature leads to a decrease in the incubation time.
After the incubation period, oxide nuclei become visible, and their number increases with time and then saturates. The nucleation rate ͑from the appearance of the first nuclei to saturation density͒ also depends on the Au mole fraction in the alloy, and alloys with higher Au mole fractions exhibit faster nucleation rates. Figure 2͑a͒ shows some examples of the oxide islands formed during Cu-Au oxidation at 600°C in pO 2 =5ϫ 10 −4 Torr. Figure 2͑b͒ shows the saturation density of oxide islands formed during the oxidation of ͑100͒Cu-38 at. % Au at different temperatures in pO 2 =5 ϫ 10 −4 Torr. The selected area electron diffraction ͑SAED͒ patterns reveal that the Cu 2 O islands are epitaxial with the underlying substrate, i.e., ͑100͒Cu 2 O ʈ ͑100͒Cu-Au and
We measured the saturation number density of the oxide nuclei as a function of oxidation temperature from 500 to 700°C in pO 2 =5ϫ 10 −4 Torr. Figure 3 gives the measured saturation number density at different oxidation temperatures. The measurements indicate that the saturation density depends on the oxidation temperature; i.e., oxidation at a higher temperature results in a smaller number density of islands. On the other hand, the number density also depends on the Au mole fraction in the alloys; i.e., oxidation of alloys with higher Au mole fractions results in a larger saturation density of nuclei.
The activation energy for the nucleation of oxide islands can be deduced from the saturation island density at different oxidation temperatures. The observation that the number density of oxide nuclei saturates suggests that the nucleation process is limited by oxygen surface diffusion; 6 i.e., an active zone of oxygen capture exists around each island, and the radius of this capture zone is proportional to the oxygen surface diffusion rate. The probability of a nucleation event is proportional to the fraction of available surface area outside these zones of oxygen capture. The saturation island density is reached when the zones of oxygen capture of neighboring islands impinge on each other. Due to the larger surface mobility of oxygen at higher temperatures, the radius of oxygen capture zone increases with temperature and the attachment of oxygen to existing islands is more favorable than nucleation of new nuclei. Therefore, the dependence of the saturation island density N S on oxidation temperature follows an Arrhenius relationship,
where k is the Boltzmann constant, T is the temperature, and E N is the activation energy for the nucleation of oxide islands. Figure 4͑a͒ shows the log-log plot of the saturation number density of oxide nuclei versus inverse oxidation temperature. The absolute value of the slope in Fig. 4͑a͒ is E N , and Fig. 4͑b͒ shows the E N values determined as a function of composition, which indicates that alloys with larger Au mole fractions have smaller E N . Figure 5͑a͒ shows in situ observations of the growth of individual islands during the oxidation of ͑100͒ Cu-10 at. % Au at 600°C in pO 2 =5ϫ 10 −4 Torr. The average individual island size ͑area͒ was observed to show a linear dependence on oxidation time, as shown in Fig. 5͑b͒ .
B. Effect of composition on the growth of oxide islands
The rate constants for oxide growth, obtained from the slope of the area versus time curves in Fig. 5͑b͒ , decrease with increasing Au content. We also measured the rate constant R for oxide growth at different oxidation temperatures ranging from 500 to 700°C in pO 2 =5ϫ 10 −4 Torr, as shown in Fig.  4͑a͒ . It is noted that alloys with higher Au mole fraction have smaller rate constants for oxide growth for oxidation at the same temperature. On the other hand, increasing the oxidation temperature results in a larger rate constant for oxide growth.
The apparent activation energy for oxide growth can be obtained by measuring the rate constant R at different oxidation temperatures. The rate constant R follows an Arrhenius dependence on oxidation temperature,
where E G is the apparent activation energy for oxide growth and T is the oxidation temperature. We determined E G by measuring R at different oxidation temperatures ranging from 500 to 700°C in pO 2 =5ϫ 10 −4 Torr. The determined values of R are plotted as a function of reciprocal temperature in Fig. 6͑b͒ , where the apparent activation energy E G is equal to the slope. Figure 6͑c͒ gives the determined E G , and it is noted that the increase of the Au mole fraction in the alloys results in a larger E G . 
IV. DISCUSSION
A. Effect of surface segregation
The surface composition of alloys often differs from that of the bulk. This phenomenon usually obeys a few simple rules. ͑i͒ On annealing, the surface becomes enriched in the element of lower heat of sublimation or surface free energy. ͑ii͒ Ion bombardment depletes the surface of the element that exhibits a higher sputtering rate. ͑iii͒ On chemisorption, the element more strongly bound to the adsorbate will segregate to the surface.
In Cu-Au alloys, gold is characterized by lower surface free energy than copper. Thus theory predicts the segregation of Au to the surface. 13, 14 Many experimental investigations of surface segregation for the Cu-Au system have demonstrated surface enrichment of Au upon vacuum annealing. [15] [16] [17] [18] [19] [20] On the other hand, the more reactive element in the Cu-Au system is copper, and in the presence of any chemisorbing species such as oxygen, copper dominates at the surface. The oxidation of Cu-Au alloys in our investigation involves the situations of ͑i͒ and ͑iii͒, i.e., vacuum annealing and oxygen chemisorption. The Cu-Au alloy thin films are first annealed at high temperature ͑ϳ750°C͒ to remove the native oxide formed during sample preparation, and then cooled to the desired temperature for oxidation. During vacuum annealing, Au atoms segregate to the alloy surface to minimize the surface free energy. The enrichment of Au atoms turns the surface relatively inert towards oxygen chemisorption, the first step in oxide formation. 21 However, with continued exposure to oxygen, chemisorption increases due to adsorbate-induced segregation of Cu to the alloy surface. [22] [23] [24] Clearly, compared with the oxidation behavior of pure copper, the nucleation of oxide islands during oxidation of Cu-Au alloys involves additional processes, such as surface segregation of Cu induced by O chemisorption and Au diffusion away from the surface layer. Therefore, it is reasonable to expect that a longer incubation period is needed for the nucleation of oxide islands during oxidation of Cu-Au alloys and that increasing the Au mole fraction will also result in increased incubation times for oxide nucleation. This scenario is consistent with our in situ TEM observations of the composition dependence of the incubation time.
B. Effect of Au on nucleation of oxide islands
In order to form oxide islands on metal surface, the system must overcome an activation barrier whose height is given by the work of formation of the critical-sized nuclei. The number of critical nuclei per unit area is
where r * is the radius of the critical nucleus, N 0 is the number of nucleation sites per unit area of the substrate surface, E N is the free energy of formation of a critical-sized nucleus, and k and T have their usual meanings. The main contributions to E N are the volume free energy, surface/interfacial free energy, and interfacial strain energy during the formation of an oxide nucleus. By considering heterogeneous nucleation of an oxide island on an alloy surface, this activation energy can be easily obtained as
where f͑͒ is a geometric factor dependent on the surface and interfacial energies, is the average surface energy of oxide, ⌬G V is the free-energy change that drives the oxidation reaction, and ⌬G S is the strain energy due to the lattice mismatch between the oxide and the metal substrate. ⌬G V
FIG. 6. ͑Color online͒ ͑a͒ Rate constants of oxide growth as a function of
Au mole fraction during oxidation of the Cu-Au alloys at the different oxidation temperatures in pO 2 =5ϫ 10 −4 Torr; ͑b͒ Arrhenius dependence of the rate constants on temperature, the absolute value of the slope is the apparent activation energy ͑E G ͒ for the growth of oxide islands; ͑c͒ composition dependence of the apparent activation energy for the oxide growth during Cu-Au oxidation.
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can be determined for the oxidation reaction 2Cu 1−x Au x +1/2O 2 =Cu 2 O by assuming an ideal solution behavior of Cu-Au alloys,
where V is the volume of the oxide nucleus, ⌬G 0 is the standard free energy change for Cu 2 O formation, R is the gas constant, T is the oxidation temperature, x Au is the mole fraction of Au in the Cu 1−x Au x alloy, and pO 2 is the oxygen partial pressure.
The strain energy ⌬G S in an oxide island due to the lattice mismatch is proportional to ͑E /1−͒ 2 , where E and are Young's modulus and the Poisson ratio of Cu 2 O, respectively, and is the lattice mismatch between Cu 2 O and the substrate. According to Vegard's law, the lattice constant of a Cu 1−x Au x solution is
where, at room temperature, a Cu = 3.61 Å, a Au = 4.02 Å, and a Cu 2 O = 4.22 Å, and x Au is the mole fraction of Au in the alloy. The lattice constant of a Cu-Au alloy increases with increasing Au content and the lattice mismatch between the oxide and the substrate is correspondingly reduced. By applying the above derivation and plotting the nucleation activation barrier E N as a function of the Au mole fraction, we can determine the effect of Au on the nucleation thermodynamics of oxide islands, as shown in Fig. 7 , which shows that increasing the Au mole fraction in the alloy leads to a decrease in the nucleation barrier, qualitatively consistent with the experimental measurements of the nucleation activation energies obtained from the Arrhenius dependence of the saturation island density on oxidation temperature ͓Fig. 4͑b͔͒.
C. Effect of Au on oxide growth
Au does not form a stable oxide under most conditions and does not go into solution in the oxide phase due to its stable electronic configuration. As a result, oxidation of Cu-Au alloys results in selective oxidation of Cu and in rejection of Au from the metal-oxide interface, leading to Au enrichment in the remaining alloy. This enrichment of Au around the oxide islands is confirmed by an elemental analysis. Figure 8͑a͒ shows an oxide island formed during oxidation of Cu-10% Au at 600°C. The dark contrast around the island is due to the accumulation of Au atoms segregated from the metal-oxide interface during the oxide growth. The contrast features in Fig. 8͑a͒ reveal that there is a nonuniform partition of Au atoms in the alloy around the island, and alloy regions adjacent to the island edges have more Au accumulation than those adjacent to the island corners, as confirmed by energy dispersive x-ray spectroscopy ͑EDS͒ shown in Fig. 8͑b͒ . This nonuniform Au partition that develops as Cu-Au alloy oxidation proceeds is qualitatively consistent with a two dimensional analysis based on Fick's diffusion laws, and the compositional inhomogeneity leads to a distinct change in Cu 2 O island morphology from an initial square shape as oxidation progresses. increasing the Au mole fraction leads to a reduced surface sticking coefficient of oxygen, which in turn leads to a reduced oxygen surface diffusion flux to the metal-oxide interface for the oxide growth. All of these factors contribute to the observed decreased growth rate and the increased apparent activation energy for the oxide growth in the alloy with more Au.
D. Effect of Au on the passivation behavior of Cu-Au alloys
Previous studies of copper alloys, which sought to improve oxidation resistance, found that Cu-Be, Cu-Mg, CuCr, Cu-Si, Cu-Ti, Cu-Cr, Cu-Pd, and Cu-Al systems are more resistant to oxidation than pure Cu, whereas the Cu-Au system does not show a self-limiting behavior. [26] [27] [28] Studies of the bulk oxidation behavior of pure copper have revealed that oxidation effectively stops after a certain time interval, whereas studies of bulk Cu-Au alloys have found that oxidation ͑of Cu͒ continues until complete decomposition of the alloys occurs. 29 For most of the systems listed above Cu is the more noble component of the alloy. However, Cu-Pd is similar to Cu-Au in that Cu is the more reactive component in the alloy; therefore, passivation behavior is not determined simply by whether the second component in the alloy is more or less noble than Cu. While previous studies have demonstrated that the oxide formed on Cu-Au alloy surfaces does not provide protection from further oxidation, they have not identified a mechanism to explain the decreased passivation property of the oxide layer on Cu-Au alloys. Our present results provide important insight into this issue.
The nonprotective properties of the oxide layer on Cu-Au surfaces can be understood from the microstructure of the oxide film, which is directly related to the early-stage oxidation behavior. Our present investigation indicates that gold enhances the nucleation of oxide islands and suppresses the oxide growth rate. As oxidation continues, particularly at large oxygen partial pressure, islands may impinge while still quite small in their lateral dimension ͑and thickness͒. A large number of interfaces are formed in the oxide film due to the accumulation of rejected Au atoms around the oxide islands, which prevents the perfect coalescence of the islands. Furthermore, we have also observed that the compositional inhomogeneity that develops as Cu-Au alloy oxidation proceeds may lead to a discontinuous morphology of the oxide layer through a dendritic transition from initially compact Cu 2 O islands. 25 The outward diffusion of copper atoms along these interfaces, other defects, and discontinuities in the oxide layer is likely much faster than through a perfectly coalesced oxide film; hence protection from further oxidation does not occur for Cu-Au alloys.
V. CONCLUSIONS
The kinetics of early-stage oxidation of Cu-Au alloys was investigated using in situ UHV-TEM. Our observations indicate that the incubation time associated with the formation of visible oxide nuclei on the alloy surfaces increases with Au mole fraction in the alloys. Measurements of nucleation and growth rates of oxide islands have revealed that increasing the Au mole fraction in the alloys results in an increase in the number density of oxide nuclei, but a decrease in the island growth rate. We expect that the present results may also be relevant to the behavior of other alloys comprised of both reactive and noble elements.
